Objective: To ascertain whether characteristics of ventricular tachycardia/fibrillation (VT/VF) differed between people with epilepsy and those without and which individuals with epilepsy were at highest risk.
In a recent community-based study, people with epilepsy had a threefold higher risk of sudden cardiac arrest (SCA) from cardiac causes (ECG-documented ventricular tachycardia/fibrillation [VT/VF]) than those without, irrespective of traditional cardiac risk factors. 1 In another community-based study, SCA in epilepsy occurred at younger age and was less frequently witnessed than in those without epilepsy, suggesting differing etiologies. 2 Only 26% of people with SCA in this study had VT/VF, while most (74%) had bradycardia/asystole, or pulseless electrical activity (PEA). 2 Bradycardia/asystole or PEA are the final outcome of every SCA and do not necessarily prove a cardiac cause. 3 No control group with epilepsy without VT/VF was analyzed. 2 It remains unknown what causes SCA in people with epilepsy and who is at highest risk. SCA in the community is estimated to result from cardiac causes in 60%-80%, 4, 5 while no underlying cause is identified at postmortem examination in approximately 30%. 6 Negative postmortem investigations are the hallmark of sudden unexpected death in epilepsy (SUDEP). [7] [8] [9] Sporadic video-EEG recordings in SUDEP suggest that a minority of patients have VT/VF following an epileptic seizure. 7, 8, 10 It is, however, difficult to translate these figures to the general community, as these recordings were obtained in a highly selected group of people with severe epilepsy. Our primary aim was to determine whether the characteristics and causes of SCA differed between people with and without epilepsy in the community and to identify the determinants of SCA in epilepsy. As a secondary aim, we analyzed whether patients with SCA with epilepsy fulfilled SUDEP criteria, to assess whether SUDEP contributes to SCA in people with epilepsy in the community. METHODS Design and setting. We conducted 2 casecontrol studies using 1 case group and 2 control groups of individuals $12 years of age who were drawn from 2 community-based databases. Cases were defined as people with epilepsy who had VT/VF. They were compared to people who had VT/VF without epilepsy (VT/VF controls) and to individuals with epilepsy who had not had VT/VF (epilepsy controls). Cases and VT/VF controls were drawn from the Amsterdam Resuscitation Studies (ARREST) registry, while epilepsy controls were drawn from the Out-Patient Population-based Epilepsy Cohort (OPPEC).
Standard protocol approvals, registrations, and patient consents. ARREST was approved by the Medical Ethics Committee of the Academic Medical Centre, and OPPEC by the Medical Ethics Committee of the University Medical Centre Utrecht. In ARREST, written informed consent was obtained from all survivors of VT/VF and the use of observational data from nonsurvivors was allowed by the medical ethics committee. In OPPEC, all participants provided written informed consent.
ARREST registry. ARREST is an ongoing, prospective, community-based registry of out-of-hospital SCA designed to establish the survival and the clinical and genetic determinants of VT/VF in a contiguous urban and rural area in the Netherlands with a population of about 2.4 million. 1 Details of the study design have been reported elsewhere. 1, [11] [12] [13] [14] In short, complete coverage of the study region and an inclusion rate .95% of all out-of-hospital episodes of VT/VF is obtained through a mandatory multiple-source notification system in which all emergency dispatch centers, ambulance services, first responders, and hospitals in the study region collaborate. Resuscitation parameters are collected according to Utstein criteria, 15 including a continuous ECG. If an automated external defibrillator is used, the research center collects the device, so that the ECG recording of each resuscitation attempt can be extracted. Obvious noncardiac causes of VT/VF (for example, trauma, drowning, suicide, intoxication) are excluded.
OPPEC database. OPPEC is a cross-sectional, communitybased study, designed to assess the clinical, demographic, genetic, and pharmacologic determinants of antiepileptic drug (AED) treatment response in an outpatient cohort of people with epilepsy in a (sub)urban region in the center of the Netherlands (het Gooi-Utrecht). 16, 17 Participants were recruited during an 18-month period (July 2010-December 2011) from the databases of 30 pharmacies, covering a population of about 250,000 inhabitants. Those who had at least 2 prescriptions for any AED dispensed in the previous 2 years (indicating long-term use) were asked to participate: response rate was 30%. 16 The hospital and general practitioner (GP) records were reviewed to confirm a diagnosis of epilepsy (see Definition of epilepsy).
Cases. Of all participants enrolled in ARREST with complete GP and hospital records during the 7-year study period (July 2005-July 2012), we first extracted those with a presumed diagnosis of epilepsy based on the terms epilepsy or epileptic seizure in their GP or hospital records. Only those individuals with a confirmed diagnosis of active epilepsy were subsequently included in the study. To determine whether individuals with a confirmed diagnosis of active epilepsy and VT/VF could be classified as SUDEP, clinical and event characteristics were evaluated by 2 neurologists with a special interest in epilepsy (J.W.S., R.D.T.) and 1 cardiologist (H.L.T.). In case of disagreement, the reviewers discussed to reach consensus. SUDEP was defined as sudden, unexpected, witnessed or unwitnessed, nontraumatic and nondrowning death, occurring in benign circumstances, in an individual with epilepsy, with or without evidence for a seizure and excluding documented status epilepticus (seizure duration $30 minutes or seizures without recovery in between), in which postmortem examination did not reveal a cause of death. 9 Cases without autopsy results were classified as either probable or possible SUDEP depending on whether a potentially competing cause of death was found after cardiac evaluation. Near-SUDEP was defined as "an individual with epilepsy who survived resuscitation for more than 1 hour after a cardiorespiratory arrest and who had no structural cause identified after investigation." 9 Control groups. The VT/VF control group consisted of all individuals with VT/VF without epilepsy in ARREST with complete GP and hospital records (survivors and nonsurvivors) in 2007-2008 (yielding a sufficient number of controls). Each case was also matched by age (65 years) and sex to 3 epilepsy controls from OPPEC.
Definition of epilepsy. The information of all people with a presumed diagnosis of epilepsy in ARREST and of all participants in OPPEC was reviewed by 2 members of the OPPEC diagnostic confirmation team who are neurologists with a special interest in epilepsy (F.S.L. and G.-J.d.H.). 16, 17 They independently rated the likelihood of this diagnosis on a visual analogue scale of 0-100. People with an average score of $80 were considered to have epilepsy. Only those individuals with active epilepsy were selected. Active epilepsy was defined as current treatment with AEDs or a seizure within the previous 2 years. 18 Collection of clinical information. The following clinical data were obtained from GP, pharmacy, and hospital records in ARREST and OPPEC: epilepsy characteristics (etiology, seizure freedom in the last 2 years, age at onset, duration of epilepsy), cardiovascular risk factors (hypertension, hypercholesterolemia, diabetes mellitus, stroke/TIA), presence/absence of intellectual disability, and clinically relevant heart disease (ischemic, valvular, or congenital/inherited heart disease with or without cardiac arrhythmia). Complete medication histories of the year before VT/VF (ARREST) or inclusion in the study (OPPEC) were obtained from community pharmacies. We defined 3 drug categories: (1) QT prolonging medication (www.azcert.org), including the AEDs phenytoin and felbamate; (2) depolarization-blocking drugs (www.brugadadrugs.org), including the AEDs carbamazepine, oxcarbazepine, phenytoin, and lamotrigine; and (3) cardiovascular drugs (b-adrenoreceptor blockers, calcium channel antagonists, angiotensin-converting enzyme inhibitors, diuretics, angiotensin II receptor blockers, nitrates, platelet aggregation inhibitors, or statins). Individual drugs may belong to more than one category.
Statistical analysis. Patient and event characteristics were described and compared between cases and VT/VF controls using x 2 statistics (Pearson/Fisher exact where appropriate) for categorical data and the Student t test/Mann-Whitney U test for continuous data. Variables found significant in univariable analysis were included in a logistic regression model to determine whether the characteristics of VT/VF in cases and controls differed. To identify risk factors for VT/VF (cases vs epilepsy controls), univariable and multivariable conditional logistic regression was employed, thereby accounting for matched data. In this model, Firth correction for rare events was used for some seldom occurring variables (intellectual disability). p Values ,0.05 were considered to be significant. Statistics were performed in SPSS (cases vs VT/VF controls; version 17.0 for Windows, Chicago, IL) and in R (cases vs epilepsy controls; R statistical package, version 3.10, package clogit and logistf, version 1.10).
RESULTS
Cases. During the study period, 2,584 people with VT/VF were included, 39 of whom had a presumed diagnosis of epilepsy (figure 1). After exclusions due to inaccurate diagnosis, insufficient information to validate a diagnosis, or inactive epilepsy, 18 cases (mean age 57 years, 67% male) with VT/VF and active epilepsy were included in the final analysis (tables 1 and 2). An underlying cardiovascular cause of VT/VF was found in 10 cases (56%): acute myocardial infarction, hypertrophic cardiomyopathy, and coincidence of transient cardiac ischemia and druginduced QTc prolongation. In 5 others (28%), an underlying cardiovascular cause was presumed, as they had recent-onset cardiac symptoms (severe recurrent chest pains ,1 week before VT/VF) or clinically , revision of epilepsy diagnosis (n 5 1). In some individuals (n 5 6), there was insufficient information to either confirm or rule out a diagnosis of epilepsy. In these cases, either the general practitioner or neurologist could not be located (n 5 4), or the diagnosis was established $20 years ago and full medical records were no longer available (n 5 2). relevant preexisting heart disease. These suspicions could not be confirmed as all died before hospital admission and had no postmortem investigation. In the 3 remaining cases, no definite cardiac cause of VT/VF could be established after further investigations: in the first case, VT/VF was attributed to a high fever (42°C) secondary to autopsy-confirmed bilateral pneumonia. Therefore, it did not fulfill SUDEP criteria. The remaining 2 individuals died a few days later in the hospital after initial successful resuscitation, and did not have autopsy: one of these was classified as probable near-SUDEP in view of a normal comprehensive diagnostic workup. In this case, prolonged convulsive movements were reported by witnesses and rectal diazepam was administered. The second case, apparently non-seizure-related, was classified as possible near-SUDEP as slight ECG abnormalities without cardiac enzyme changes were found that were considered insufficient evidence for a diagnosis of myocardial infarction.
VT/VF characteristics in people with and without epilepsy. In the 18 cases and 470 VT/VF controls, general and event characteristics were analyzed (table 2) . Myocardial infarction was the most common cause of VT/VF in both groups. The prevalence of congenital/inherited heart disease (aortic coarctation, hypertrophic cardiomyopathy, long QT syndrome) was higher in cases than in VT/VF controls (17% vs 1%) and VT/VF in cases generally occurred at a younger age (mean age 57 vs 64 years). In cases, VT/VF was also more likely to occur at/near home (89% vs 58%); accordingly, VT/VF was less likely to be witnessed (72% vs 89%). In multivariable analysis, these 4 variables were independently associated with VT/VF in epilepsy (table 2) .
Epilepsy characteristics in people with and without VT/VF. General and epilepsy characteristics were compared between 18 cases and 54 epilepsy controls (table 3) . Cases were more likely to have clinically relevant heart disease (50% vs 15%) and intellectual disability (28% vs 2%) than epilepsy controls. In multivariable analysis, these variables were independently associated with VT/VF in epilepsy (table 3) . DISCUSSION We analyzed the characteristics, etiology, and risk factors of VT/VF in epilepsy in the community. Myocardial infarction was the most common cause of VT/VF both in people with and without epilepsy.
Our study confirms and adds to findings from a previous community-based study on SCA in people with or without epilepsy that combined various presenting rhythms 2 : people with epilepsy were younger and had a higher prevalence of congenital/inherited heart disease. Younger age, occurrence at/near home, and absence of witnesses are also characteristics associated with SUDEP. 7, 8 This further suggests partial overlap between VT/VF in epilepsy and SUDEP. Taken together, cardiovascular disease events constitute the predominant cause of VT/VF in epilepsy, whereas in a minority VT/VF was unexplained and a diagnosis of (near) SUDEP was established (figure e-1 on the Neurology ® Web site at Neurology.org). This may explain why common SUDEP risk factors such as the presence of recent seizures were not seen in our cases. 7, 8 Cardiovascular disease rather than epilepsy characteristics was the strongest risk factor for VT/VF in epilepsy. Cases were also more likely to have intellectual disability than epilepsy controls. Shared genetics, shared etiology, or shared (cardiovascular) comorbidity are potential explanations for the increased risk of VT/VF in people with epilepsy. 1 A single ion channel mutation expressed both in the brain and in the heart may confer intellectual disability, a propensity for epilepsy, and an innate vulnerability to cardiac arrhythmias (especially in the presence of new-onset or preexistent heart disease). 19, 20 Iatrogenic blockade of sodium ion channels might also contribute to a higher risk of cardiac arrhythmia, as the use of AEDs with these properties was associated with an increased risk of sudden cardiac death in people with and without epilepsy. 21 We did not confirm this finding, as our study was neither powered nor designed to assess this. Future studies need to replicate the association between sodium channel blocking AEDs and cardiac arrhythmias. Prudence and careful monitoring of presence of additional sodium channel blocking factors (such as cardiac ischemia or heart failure) is warranted when treating people with epilepsy with these AEDs.
Congenital/inherited heart disease, epilepsy, and intellectual disability may result from a multiple malformation syndrome affecting the heart and brain. 22 Epilepsy may also be associated with an increased prevalence of acquired cardiovascular comorbidity. 23, 24 People with epilepsy were found to have a worse cardiovascular risk profile [23] [24] [25] and a higher risk of recurrent life-threatening cardiac arrhythmias or cardiovascular death than the general population. [26] [27] [28] [29] Chronic inflammation (for example, the inflammatory cytokine interleukin-6 [IL-6]) may represent a link between epilepsy and cardiovascular comorbidity by promoting atherosclerosis or arrhythmogenesis. 30 Levels of IL-6 appear to be chronically elevated in people with epilepsy, 31 those with intellectual disability, 32 and to an even further extent in people with both conditions. 32 High concentrations of IL-6 were also found to be associated with an increased risk of sudden cardiac death in a prospective community-based study after correction for traditional cardiac risk factors. 30 A major strength of our study was that we included only SCA cases with ECG-confirmed VT/VF. This is more rigorous than in previous studies that included all types of cardiac arrest regardless of presenting rhythm, in which no distinction between primary and secondary cardiac arrest could be made. 2, 3 Our approach allowed us to demonstrate that, in epilepsy, VT/VF and SUDEP may partially overlap and that ventricular arrhythmias are one of the underlying mechanisms of (near) SUDEP not only in ictal recordings of people with severe epilepsy, 7, 8, 10 but also in people with epilepsy in the community. We did not assess the full spectrum of sudden death in epilepsy and only identified a few (near) SUDEP cases. Thus, we are unable to speculate on the overall relevance of VT/VF as a SUDEP pathomechanism in the community. VT/VF in epilepsy may result from a spectrum of triggers including cardiovascular disease, epileptic seizures (SUDEP), or combination of both.
The category SUDEP plus has been promoted in the recent unified SUDEP criteria to avoid neglecting the potential effects of coexisting disease. 9 A cardiovascular cause was presumed in 5 of our cases but not proven due to lack of diagnostic evaluation. Our study thus demonstrates that the boundaries between SCA and SUDEP are difficult to delineate in a communitybased setting. We therefore only classified those with a full cardiovascular workup as near SUDEP. Cases and epilepsy controls were drawn from 2 different community-based cohorts. Inclusion of epilepsy controls was based on AED prescription records; this may have introduced bias, since this did not apply to cases. Epilepsy controls could therefore potentially have had a higher prevalence of AED use and more severe epilepsy. In practice, however, all cases and epilepsy controls used AEDs and the proportions of people who had recent seizures (in the last 2 years) did not significantly differ.
We found that VT/VF risk in epilepsy is mainly determined by cardiovascular disease. Careful attention to cardiovascular risk factors in people with epilepsy may reduce the rate of sudden death in this population. 
